Background: Much of the information on the physiologic effects, mechanisms of gas exchange, and potential utility of highfrequency oscillation (HFO) has been acquired in animal studies. Specifically, large animal data have been useful in assessing adult application because large animals present many of the same concerns and challenges as adults.
I nformation on the physiologic effects, the mechanisms of gas exchange, and the potential clinical utility of high-frequency oscillation (HFO) has been acquired in both large-and small-animal studies and from clinical trials. However, large-animal trials, specifically, have provided considerable information regarding the effects of ventilatory variables on regional gas transport during HFO, the effect of ventilatory settings on CO 2 elimination, approaches to setting the oscillator to ensure maximum oxygenation, and the potential benefits of combining HFO with partial liquid ventilation (PLV). Largeanimal studies have been important in the development of HFO for clinical use in humans because large animals present many of the same concerns and challenges that must be overcome during ventilation of adults. In this article, the specific contributions from large-animal studies will be addressed.
Regional Gas Transport
We have learned during the past 30 yrs that gas transport during conventional ventilation (CV) and HFO (or highfrequency ventilation in general) are similar in many respects but also differ greatly in others. During CV, gas transport along the tracheobronchial tree is primarily by bulk flow or convection. However, during HFO, the net transport of gas molecules can take place even when fresh gas does not directly reach all regions of the lung or when tidal volumes are less than anatomic dead space volume. In the mid 1980s, Jose Venegas's group (1) (2) (3) (4) (5) performed a series of experiments in 10-to 30-kg dogs that helped to explain how ventilation with very small tidal volumes could provide adequate overall and regional ventilation. Most of these experiments were conducted using positron-emitting radioisotope nitrogen-13 ( 13 NN) imaging. Distribution of ventilation with this process is easily identified because of the low solubility of 13 NN in blood. As a result, 13 NN is confined to the air space, and its regional distribution is not affected by blood flow.
In the first of these experiments Venegas et al. (1) estimated alveolar ventilation using a high-frequency oscillator capable of generating tidal volumes of 30 -120 mL at frequencies of 2-25 Hz with equal and constant inspiratory-to-expiratory flows and ratios at a mean lung volume equal to the animal's functional re-sidual capacity. They found that specific ventilation (SPV; ventilation per unit of compartment volume) followed the following relationship:
where V T is tidal volume, V L is lung volume, and f is frequency. From this relationship and arterial PaCO 2 levels, they were able to derive an expression for the normocapnic settings of V T and f, given mean lung volume (V L ) and body weight (W):
where (V T ·f)n represents the normocapnic product for HFO. These findings were similar to those of other groups (6 -8) also using similar animal models. Venegas et al.
(1) went on to point out that the efficiency of ventilation at small tidal volumes during HFO is much lower than with large tidal volumes, as in CV, and that to successfully ventilate a subject with HFO, a much greater V T ·f product is required than would be required during CV (Fig. 1 ).
In a subsequent study in this series, Yamada et al. (2) , using similar-sized healthy dogs and 13 NN imaging, showed that changes in inspiratory-to-expiratory ratios (I:E) from 1:1 to 1:4 had no significant effect on PaO 2 , PaCO 2 , or alveolar ventilation at frequencies of 3, 6, and 9 Hz. During these experiments, tidal vol-ume and mean lung volume were held constant. These data helped to support the assumptions of Permutt et al. (9) , that axial dispersion of molecules within the lung is independent of flow. Menon et al. (10) also showed that the general shape of the velocity profiles during inspiration and expiration in HFO up to 9 Hz were insensitive to changes in the bulk flow rate.
The basic effects of mean airway pressure on gas transport were documented by Yamada et al. (3) in 1986. In this study, the authors again used healthy dogs. PaO 2 , PaCO 2 , and CO 2 production were measured after 10 mins of HFO at three levels of mean airway pressure (0, 5, and 10 cm H 2 O) and three frequencies (3, 6, and 9 Hz) . At each f, V T was adjusted at a mean airway pressure of 0 cm H 2 O to obtain eucapnia. In these healthy animals, SpO 2 decreased and PaCO 2 increased at each rate setting as mean airway pressure was increased to 5 and then to 10 cm H 2 O (Fig. 2 ). Alveolar ventilation decreased about 23% and 40% at mean airway pressures of 5 and 10 cm H 2 O, respectively. These changes in this healthy large-animal model were a result of decreases in alveolar ventilation as mean airway pressure increased, probably a result of a decreased cardiac output (leading to increased physiologic dead space). Because ventilation occurred at an FIO 2 of 0.21, the decreases in PaO 2 observed as PaCO 2 increased were most probably a result of the increase in PaCO 2 , as predicted by the alveolar gas equation.
In a fourth article in this series, Venegas et al. (4) , again using healthy 16-to 30-kg dogs and 13 NN imaging, defined the regional (basal vs. apical) effect of tidal volume, respiratory frequency, and I:E ratio during HFO. They found that, at a constant V T ·f product, increasing V T resulted in higher overall lung ventilation per unit of lung volume as a result of increased basal ventilation per unit of lung volume but little change in apical ventilation per unit of lung volume ( Fig.  3 ). In addition, they determined that increasing V T ·f at a constant V T increased overall ventilation without affecting a difference in the basal-to-apical regional ventilation distribution. As they had shown previously (3), I:E had no impact on regional distribution of ventilation. They concluded that as V T increases, gas transport changes from inefficient dispersion to primarily more efficient bulk gas flow (convection), with high regional tidal volume to dead space ratios. These data are consistent with the findings from other groups also using HFO in animal models (11) (12) (13) .
In a fifth study in this series, Yamada et al. (5) studied regional mapping of gas transport during HFO vs. CV. HFO was provided at frequencies of 3, 6, and 9 Hz where the tidal volume at 6 Hz produced eucapnia. The V T ·f obtained at 6 Hz remained constant as the rate was decreased to 3 Hz or increased to 9 Hz. During CV, rate was set at 10 breaths/min and V T set to produce eucapnia. Regional nonuniformity in gas transport was greatest for HFV at 3 and 6 Hz and lowest at 9 Hz and during CV. A central region at the base of the lungs was preferentially ventilated during HFO, resulting in a time-averaged ventilation in this area equal to that of the main bronchi. The authors argued that this finding is strongly supportive of the fact that convection is a primary mechanism for gas exchange during HFO. These data are consistent with the group's previous reports in large-animal models (2) (3) (4) showing that overall gas transport in HFO is dependent on V T 2 ·f and is in agreement with the findings of others regarding regional distribution of ventilation (14 -16) . Although some debate has previously occurred regarding the magnitude of the exponent on the tidal volume term of this equation, this controversy has now largely resolved. with a value of approximately 2 now being widely accepted.
The phenomenon of "negative frequency dependence" is commonly observed with the existing high-frequency oscillators. This phenomenon, whereby a reduced respiratory frequency leads to an increase in CO 2 excretion, is likely a product of the increase in tidal volume that occurs with a fixed duty cycle. That is, a lower respiratory rate is more than offset by the increase in tidal volume because the square of the tidal volume is the critical factor governing gas exchange at high frequencies. Conversely, an increase in respiratory frequency leads to a decrease in tidal volume, yielding reduced CO 2 clearance. This apparent paradox is a common observation with current technologies for delivering HFO.
Gas Exchange
The ability of HFO to maintain PaO 2 and PaCO 2 in healthy dogs was nicely demonstrated by Bohn et al. (17) in 1980. The authors observed a relatively stable PaCO 2 of 33.1 Ϯ 0.5 mm Hg at a frequency of 15 Hz with tidal volumes of 1.9 mL/kg using an uncuffed airway. With FIO 2 equal to that of room air, PaO 2 could be maintained at Ն95 Ϯ 5 mm Hg for 5 hrs, and with 100% oxygen, PaO 2 was Ն580 Ϯ 9 mm Hg for 5 hrs. This was one of the first experiments demonstrating that gas exchange could be maintained with tidal volumes less than dead space volume.
Slutsky et al. (8) examined the effect of varying frequency between 2 and 30 Hz and tidal volume between 1 and 7 mL/kg and lung volume on the efficiency of CO 2 elimination in healthy dogs. In all experiments CO 2 increased with frequency at a constant V T . However, the most important variable in determining CO 2 was V T ·f, but there was considerable variability in the response of animals to doubling the V T at a constant V T ·f. In some animals, CO 2 decreased, although in the majority of animals, CO 2 markedly increased. Increasing lung volume by increasing mean airway pressure up to 25 cm H 2 O had no significant effect on CO 2 . These data supported the assumptions made by the same group (18) in a previous article that gas exchange in HFO was due to a number of augmentative mechanisms in addition to convective flow, Taylor laminar (19) and turbulent dispersion (20) , mixing due to asymmetrical velocity profiles as proposed by Haselton and Scherer (21) , and secondary flows at bifurcations (e.g., pendelluft). In 1982, Thompson et al. (22) compared HFO with CV in 15-kg dogs with oleic acid injury. Cardiac output and gas exchange were compared at equivalent mean airway pressures. CV was performed with a tidal volume of 16 -21 mL/kg and a frequency of 15-20 breaths/min. HFO was delivered at a frequency of 15 Hz. FIO 2 was maintained at 0.5, and mean airway pressure varied over the range of 7.5-27 cm H 2 O. With HFO, oxygenation improved as mean airway pressure increased; however, the improvement was equal to that during CV at the same mean airway pressure. These data clearly demonstrated that HFO could maintain oxygenation in severe lung injury at a level at least equivalent to that achieved during CV.
Setting of Mean Airway Pressure
As with CV and the setting of positive end-expiratory pressure, there has been concern over the methodology used to set mean airway pressure during HFO. Many have simply recommended setting mean airway pressure equal to or a few centimeters of H 2 O above that used during CV (23) (24) (25) . Goddon et al. (26) , in a 28 Ϯ 5-kg lavage-injured sheep model investigated the use of the pressure-volume (P-V) curve to set mean airway pressure during HFO. Inflation and deflation P-V curves were measured after lung injury followed by HFO at a frequency of 8 Hz, a delta pressure adjusted to establish PaCO 2 with a bias flow of 30 L/min, an FIO 2 of 1.0, and an I:E ratio of 1:1. The authors defined P flex as the lower inflection point on the inflation limb of the P-V curve. Gas exchange and hemodynamics were evaluated at P flex ϩ2, ϩ6, ϩ10, and ϩ14 cm H 2 O after 1 hr of ventilation at each level. Before the random setting of each mean airway pressure, the lungs were recruited with 50 cm H 2 O continuous positive airway pressure for 60 secs. As noted in Figures 4 and 5 , PaO 2 /FIO 2 was greatest at P flex ϩ 6 cm H 2 O, without adversely affecting the cardiac output. Interestingly, P flex ϩ 6 cm H 2 O in this model was equal to 26 Ϯ 1 cm H 2 O, which was equivalent to the point of max- Mean airway pressures were based on P flex . Initially, mean airway pressure was set at P flex , then 1.5 ϫ P flex , and then 2 ϫ P flex , followed again by 1.5 ϫ P flex , and finally, again P flex . At each mean airway pressure setting, computerized tomographic scans were performed at the base and apex of the lungs, and blood gas and hemodynamic data were obtained. Gas exchange and hemodynamic data were best at 1.5 ϫ P flex on the inflation limb of the P-V curve. In fact, at this setting, PaO 2 was established at preinjury values. Increasing the mean airway pressure further did not further increase oxygenation but did decrease oxygen delivery by decreasing cardiac output. In addition, no differences in respiratory or hemodynamic variables were observed at equivalent mean airway pressure on the ascending and descending limb of the P-V curve. Variation in total slice lung volume was less than anticipated from the P-V curve. Overdistending lung volume was estimated at about 3% and did not vary greatly as mean airway pressure changed. Total slice lung volume was greater during HFO than predicted by the P-V curve and near the deflation curve volume at corresponding pressures. That is, the marked hysteresis observed on the P-V curve with this injury model was absent during HFO.
The (26) . These data suggest that the P-V curve is very useful for the setting of mean airway pressure during severe lung injury. Mean airway pressure set at P flex ϩ 6 cm H 2 O or at the point of maximum compliance change on the deflation limb of the P-V curve seems ideal.
Tidal Volume during HFO
Sedeek et al. (28) , using a 30-kg lavage-injured sheep model, demonstrated that tidal volumes during HFO at low frequencies and high delta pressure approached those currently recommended during CV in acute respiratory distress syndrome patients (29) (Fig. 6 ). Animals were ventilated at a mean airway pressure equal to the maximum compliance change on the deflation limb of the P-V curve (26 Ϯ 1.9 cm H 2 O) through an 8-mm internal diameter endotracheal tube with its cuff inflated. Tidal volume was then measured at all combinations of rates of 4, 6, 8, and 10 Hz, pressure amplitudes of 30, 40, 50, and 60 cm H 2 O, and I:E ratios of 1:1 and 1:2. At both I:E ratios, tidal volume was directly proportional to pressure amplitude and inversely proportional to frequency. A tidal volume of 4.4 Ϯ 1.2 mL/kg was delivered at an I:E of 1:1, delta pressure of 60 cm H 2 O, and rate of 4 Hz. These findings were similar to those observed in other smaller animal models (30 -32) . It is in-teresting to speculate that at the capability of current adult oscillators with delta pressures of 90 cm H 2 O and rates of 3 Hz, tidal volumes of Ն6 mL/kg would be delivered during HFO in this 30-kg lavage injury sheep model.
HFO vs. CV
HFO has been compared with CV in numerous small-animal trials, but limited data are available in large-animal models for which the approach used during CV and HFO were similar. Sedeek et al. (33) performed such a study in a 30-kg lavage-lung injured sheep model using an open-lung approach to ventilatory support provided by HFO, pressure control, and intratracheal pressure ventilation. After injury in all three groups, the lungs were recruited and either positive endexpiratory pressure (pressure control, intratracheal pressure ventilation) or mean airway pressure was then set using a decremental trial. During HFO, rate was 8 Hz, delta pressure was set to achieve a PCO 2 of 35-45 mm Hg, and I:E was 1:1. Pressure control was provided at a rate of 30 breaths/min, an I:E of 1:1, and a tidal volume to maintain PaCO 2 in the target range. Intratracheal pressure ventilation was established by a bias flow via a double-lumen endotracheal tube in which the rate of occlusion was 120/min at an I:E of 1:1. The bias flow (about 18 L/min) was adjusted to ensure the target PaCO 2 . As noted in Figure 7 , PaO 2 /FIO 2 and PaCO 2 were maintained at a similar level over a 4-hr observation period, regardless of approach. No differences were observed in hemodynamic response, but there was a trend to less lung injury in the group receiving HFO and intratracheal pressure ventilation. This may be partially explained by a resultant large tidal volume (8.9 Ϯ 2.1 mL/kg) and high plateau pressure (30.6 Ϯ 2.6 cm H 2 O) during pressure control. These data clearly illustrate the fact that HFO can be used with at least equal efficacy as CV in severe lung injury.
HFO and PLV
The use of PLV in patients has not resulted in improved outcome (34 -36) . Some have argued that a primary reason for this failure to identify outcome benefit is the approach to providing ventilatory support during PLV (37, 38) . All clinical trials have been performed using CV. As previously described by Fuhrman et al. (39) and Arnold (37) , during PLV, three distinct populations of alveoli exist based on gravitational location. PLV has been referred to as liquid positive endexpiratory pressure (39) because its effects are primarily experienced by the most gravity-dependent lung units. This population experiences the effect of the perfluorocarbon throughout ventilation because it remains fluid-filled. The least gravity-dependent lung units only experience gas ventilation because they are minimally affected by the perfluorocarbon. It is the population of lung units between these two extremes that are subjected to the actual air-liquid interface. The level of perfluorocarbon in this region varies with inspiration and expiration, so during PLV, a substantial part of the lung still experiences the shear stress of a gas-filled lung or liquid-gas interphase (37) . Arnold (37) and Mammel (38) argue that HFO may be the ideal method of ventilating and oxygenating during PLV. As discussed by Arnold (37) , this combination has a number of distinct advantages. The perfluorocarbon reverses the atelectasis in the dependent lung and directs pulmonary blood flow to the nondependent lung (40) . Because of its lower V T and peak alveolar pressure, HFO could ventilate the nondependent lung with adequate mean airway pressure to avoid overdistension and atelectasis in this region (41) . Arnold (37) proposed that the small V T associated with HFO minimizes the shear stress and subsequent injury in the regions containing liquid and air. Although much of the work addressing the use of HFO during PLV has been performed on small-animal models (42) (43) (44) (45) (46) (47) , a number of large-animal HFO-PLV studies have been performed by Doctor et al (48 -50) .
Histopathologic evidence of improved recruitment in dependent and nondependent lung during HFO-PLV was demonstrated by Doctor et al. (48) in a swine (29.6 kg) saline lavage-lung injured model. After injury and 1 hr of stabilization, animals were randomized to HFO or HFO-PLV with 30 mL/kg perfluorocarbon dosing, then ventilated for 2 hrs. Over the course of the study, there were no differences between groups in gas exchange, hemodynamic function, or pulmonary vascular resistance. However, atelectasis scores were reduced greatly in the HFO-PLV group. The lack of gas exchange difference may have been a result, at least in part, of a low mean airway pressure during HFO. Lung mechanics were not used to set the mean airway; it was simply set arbitrarily at 12 cm H 2 O above the mean airway pressure during CMV.
In 2001, Doctor et al. (49) examined the perfluorocarbon dose-response during HFO in a 28.9-kg saline lavageinduced acute lung injury swine model. The gas exchange and hemodynamic effects of 0, 5, 15, and 20 mL/kg of perfluorocarbon were evaluated during HFO. After lung injury, lungs were recruited by a stepwise increase in mean airway pressure, beginning at 10 cm H 2 O above the mean airway pressure during CV. After recruitment, the animals were stabilized on HFO at 4 Hz, a delta pressure to achieve a PaCO 2 of 45-55 mm Hg, I:E of 1:1, FIO 2 of 0.6, and mean airway pressure of about 20 cm H 2 O. After stabilization, animals were randomized to the different perfluorocarbon dose groups. HFO-PLV was best tolerated with the 5-and 15-mL/kg dose of perfluorocarbon. PaCO 2 , pH, cardiac index, and pulmonary vascular resistance did not change significantly during any dose or among doses. The lowest oxygenation index was identified during the 15-mL/kg dosing, and the PO 2 tended to be best at the 15-mL/kg dose. These data are in contrast to much of the other dose-response data in animals during CV in which oxygenation benefit increased as dosing increased to 30 mL/kg (51) unless high levels of positive endexpiratory pressure were applied (40) .
One of the longest laboratory evaluations of PLV was performed by Doctor et al. (50) in 2003. The authors evaluated the extended effect of HFO-PLV on gas exchange and injury quantification. Three groups of five lavage-injured, 28.9 Ϯ 3.1-kg swine were studied. One group received only HFO, the second received 10 mL/kg perfluorocarbon in the supine positions plus HFO, and a third received 10 mL/kg perfluorocarbon plus HFO in the prone position. HFO was applied at a rate of 4 Hz to all groups. Mean airway pressure was adjusted to maintain a SpO 2 of 90% Ϯ 2% with an FIO 2 of 0.6. Delta pressure was set after lung injury to achieve a PaCO 2 of 45-55 mm Hg without adjustment after perfluorocarbon dosing. Both PaO 2 and oxygenation index improved rapidly and significantly in the HFO prone-PLV group compared with the other groups, but this benefit was lost after about 6 hrs. Tissue myeloperoxidase activity was reduced globally by HFO-PLV (either group, p Ͻ .01), and regional lung injury scores in dependent lung were improved (p ϭ .05). However, global lung injury scores were improved by HFO-PLV (both groups, p Ͻ .05) only in atelectasis, edema, and alveolar distension but not in cumulative score.
This series of studies, along with the data in small-animal models, does provide some enthusiasm for the continued exploration of the clinical application of PLV. The use of CV as opposed to HFO in clinical trials may have contributed to their negative results, and the use of HFO-PLV may yield more encouraging results.
SUMMARY
Large-animal models have contributed greatly to our understanding of the basic physiology of HFO and methods for clinical application during severe lung injury. These studies have clarified the mechanisms of gas exchange during HFO and have established the fact that, in adults, HFO is effective because of bulk gas flow. CO 2 elimination during HFO is increased by either decreasing rate or increasing delta pressure because both changes increase tidal volume. Mean airway pressure setting during HFO may be set using the static P-V curve or a decremental trial following lung recruitment. In either case, the mean airway pressure that maximizes oxygenation without compromising cardiac output seems to be about P flex ϩ 6 cm H 2 O, 1.5 ϫ P flex , or the point of maximum compliance change on the deflation limb of the P-V curve. Finally, HFO may provide a gas delivery mechanism that allows successful application of PLV in the management of acute respiratory distress syndrome. Clearly, large-animal models, because they present challenges similar to those observed during human trials, are a critical component of increasing our understanding of the use of HFO in patients.
